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CAVITY RING-DOWN SENSING APPARATUS AND METHODS 

invention is also concerned with waveguide-based Ul ^ The 

responsive U> an externa, environmental variable, for example ^^or mag ^ ^ 

invention is further concerned with apparatus and methods for ch— g «. P ^ 
baS ed upon CRDS, and wid, CRDS sensors responsive to fibre o P nc distort, 

, Wph sensitivity technique for analysis of molecules in the gas 
Cavity Ring.Do.vn Spectroscopy ,s known as a " ^ 19 . (20 00) 565, P. Zalicki 

pHase (see. for example, G. Berden, R. Peeters and G. Mener M.R« ■ ^ ^ 

and RN. Zare, , .« £^ T.G. Spence, B. W fc ,. * 

J.S. Harris and R.N. Zare, J. App. Phys. 83 (1998) absorption 

coefficient of 1 oW. with the additional advantage of «-^^«^«— 
mea surement since the technique is able to detemune an « ^ ^ CRDS ^ 
molecular absorbance at the wavelength or waveleng 

rather than over a range 

reference to spectroscopy in many cnses measurements are made at a s.ngle 
of wavelengths. 

• ,„ F „nmS device illustrates the main principles of the technique. The 
Figure la. which shows a cav.ty 10 of a CRDS dev ce, ^ ^ 

cavity 3 0 is formed by a pair of high reflectivity n.rrors at J ^ ^ fc cavity ^ ^ 

other configuration) to form an optical cavity or resonator. A p som6 intensity 

back of one mirror (mirror P_ in ftgnre la) -^^^Z--* in die caviry 

a, each reflection. Light leaks out dirough the nurrors at each bounc ^ ^ 

necaysexponentiallytozerowimal^ decay ^^^^^^^^» 

la preferably rn^or 1, is detected by ^^^^^ iilustrntes the origin of the 
(although the individual bounces are not normally resolved) 

phrase "ring-down", the light ringing backwards and ^^Z^U* -lecu.es . 1 which absorb 
in amplitude. The decay time x is a measure of a,l the losses n as iUustratively 

the laser radiation are present in tire cavity the iosses are greater and the decay hm 


shown by trace 20. 


i to* rnvitv even a low concentration of absorbing 
Since the pulse of laser radiation makes many passes ^ ^ * Hme , Ue chang6 in decay 

ffl olec«les(or.tonis. ionsor other species)- ^^^^^^^.WOh. 
time, A t, is a function of the strength of absorption of the molecule 
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given by equation 1 below. 


At - /,/ (2(l-R) + a(v)/,} 


(Equation 1) 


without the need for calibration. 

_* «_» *oy - » - .oo, - * h fch «*r . op- 

^ooooo.^bo.-ooo,..^^ ' 

f whilst still permitting a detectable level of light to leak out) and typically R equals 0.9V P 

(whilst still permirant, a be 3 or 4 bcrunces and 

order of I* bounces. If the total losses in the cavity are around ^j"^ fc have ^ 

bounces during ring down of the entire cavity. 

u , . . _ DS is that &e techniq ue.is only suitable for sensing molecules that are introduced into the 
One problem with CRDS £d- * - ^ V ^ ^ ^ ^ ^ ^ 

cavity m a gas since if a liquid or splia mir employed, as described in the 

Broadband, Continuous wa spectroscopy", Chem. Phys. 

Spectroscopy, 57(5), 2003, 571-573, and D. Roman.ni et al, CW cavity ring 

Lett. 264 (1997) 316-322. 

underlying evanescent wave CRDS. in Figure lb p 1 ^ngements a 

1 i ^~**\ ^n^riinn fT!R> occurs at surface 24 or ine prism vu* ^» » 
the cavity such that total internal reflection (TIR) ^ ^ ^ ^ 

monolithic cavity resonator may be employed). Total internal reflection 

and occurs when the ang.e of incidence (to a norma, surface) is greater than a ^^^Z^ ^ 

, ; , n 5, the re&acted index of the medium outside the pnsm and n, is the refractive index 
equal to n,/n, where m is the refracted inoex . flnffle liEht is reflected from the interface with 

material of which the prism is composed. Beyond this cnhcal angle hght 
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,00* « «. ft* » — • «■ P* ~ - 
„. <e— > U ^ *e ifterfcce ~ ^ „„ ^ wtally 

w . <M» of the order of the . The depth, t*. fot _ 

^ .-XT I ■> Of **• — » — — CTlltC^y ™ — f " ' 

***** a. a= P * » .*»«—. » « » ^ _ Ma 

wtal „ ft fc »*e o,-,o » ■. *^^^ZJLi — — * — » 1=1 

to «« penetrorion *P«. « ™ of—"™ *">™ l «' h ' °«» <5t "'« 

ft dte U detected « • » r'.T^TJ we » a. mo.ecoh* ft • — <*«• *! 

contact with the cavity, and are sampled by the e wave res 

• d tot e CRDS techno may be employed to provide sensitive and precise time-resolved 
It has been recognised that e-CRDS tecnn q , employed to networ k e-CRDS sensors, 

sensing and father that wavelength division malting by be employe 


gummnrv of the invention 


allium *" t 

rt«n»ft^vi.y™lft.apto»l'WofP»" !M ™^ orra<>s „ to said reflection from said TIP surface 
teWtes a „ fft™ . ^^^2^- - N - • - — — 

function operates at substantially said time-resolution. 


xuncuuii ujjwi.»*kM« 

Depending upon the time resotatmn of the detector , ^ ^ ^ ^ ^ 

sensor may correspond to a group of pulses, for e*amp e ^ of „ w pulse ^nations 

signal processing is sufficiently fast for single pulses* of said poises or bounces). In 
„, comprise, a single said light pulse or bounce witbin ^ J[ of ^ ^ that „ 

embodiments of the apparatus the time resoluhon . substanfa ly J 
Z the round-trip time for an optical pulse bouncing between the nurrors of the 
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The TIR surface may be provided with a functionalising material over at least part of its surface such that the 
evanescent wave interacts with said material. In this way an interaction between said ftinctionalising mnterial 
and a target to be sensed may be detected as a change in absorption of said evanescent wave. In embodiments 
the TIR surface is provided with an electrically conducting material over at least part of its surface such that said 
evanescent wave excites a localised, surface or particle plasmon within said material, for localised, surface or 
particle plasmon-based e-CRDS sensing. The sensed substance may be biological or non-biological. living or 
non-living, examples including elements, ions, small and large molecules, groups of molecules, and bacteria and 
viruses. 

The invention also provides a method of performing time-resolved sensing using an optical cavity including a 
sensing surface, a sensing interaction at said sensing surface modifying an optical ring-down characteristic of 
said cavity, the method comprising: injecting a pulse of light into said cavity; and monitoring aa optical ring- 
down of said pulse within said cavity to monitor said sensing interaction; and wherein said monitoring is 
performed substantially on a pulse-by-pulse basis such that said sensing is time-resolved at a resolution of at 
least an integral number of round trip times of said cavity. 

In another aspect the invention provides an evanescent-wave cavity-based optical sensor system, the system 
comprising: an optica! cavity formed by a pair of highly reflective surfaces such that light within said cavity 
makes a plurality of passes between said surfaces, an optical path between said surfaces including a reflection 
from one or more totally internally reflecting (TIR) surfaces, a said reflection from a TIR surface generating an 
evanescent wave to provide an attenuated TIR sensing function; a light source to optically excite said cavity at at 
least two different wavelengths; and a detector to monitor a ring-down characteristic of said cavity at each of 
said two wavelengths; and wherein said one or more TTR surfaces are provided with at least two functionalising 
materials one responsive at each of said wavelengths such that an interaction between a said functionalising 
material and one or more targets to be sensed is detectable as a change in absorption of a said evanescent wave at 
a said wavelength. 

In embodiments the light source and detector employ wavelength division multiplexing technology. Thus in 
embodiments the optical cavity may comprise a plurality or network of wavelength division multiplexed sensors. 
A different functionalising material may be provided on each surface, for example to sense (the same or different 
targets) at a plurality of different locations. Alternatively two or more different functionalising materials may be 
provided on a single surface (which may be provided at multiple locations within the cavity), for example both 
responsive to the same target, to provide increased confidence of detection. The different functionalising 
materials may comprise molecules absorbing differently to one another at different wavelengths, and/or the 
functionalising material(s) may comprise an electrical conductor to enable surface plasmon-based target 
detection. Preferably the cavity comprises or includes a fibre optic configured, for example by tapering, to 
provide a plurality of evanescent wave TIR sensing surfaces (the skilled person will understand that in this 
context TIR-based sensing involves some attenuation of the TIR). 

The invention also provides a method of wavelength division multiplexing sensors of an evanescent wave cavity 
ring-down sensor system, the method comprising: applying a plurality of different functionalising materials to 
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r of slid sensor svstem. said different functionalising 

onc or more evanescent wave sensing regions of a cavuy of said sensor system, 

at different wavelengths; exciting said cavity at a plurality of Afferent 
materials having sensing responses at ditterent waveien b u», t> 

1113 b , t . , ije^cinnresDonsesofsaidfiinct onalising materials; and 

wavelengths corresponding to wavelengths of said sensing responses 

monitoring a ring-down characteristic of said cavity at each of said exciting wavelengths. 

Use of a fibre optic (FO) cable facilitates tire fabrication of inexpensive or even disposable sensing devices. The 
£ « b employed or evanescent wave sensing by modifying the fibre, for example removmg a poruon of 
fibre may employ edification/taper the evanescent field may 

the FO surface aud/or tapering the FO. By conrroumt » b 
also be controlled and hence adapted to a particular sensing function or application. 


H has also heen recognised that CRDS techniques employing a cavity including a waveguide such as a fibre 

TZ * empJed to provide sensitive sensors, to provide imp— 

techniques, and to provide sensitive sensors responsive to a change in configuration of a fibre opfc. 

According to a further aspect of the present invention there is therefore provided a 
aown sensor for sensm B an environmental variable, die sensor comprising: an optical 

waveguide; a light source for exciting the optical cavity; and a detector for momtonng a rmg-dow, .baracterisfc 
of Cavity; and a signat processor coupled to said detector and configured to provide a stgna, on** 
'nsWeT a change in optica, propagation loss within said cavity as determined from sa,d ring-down 
Zlristic; and wherein a change in said environmental variable causes a change in opneal propaganon loss 
in said waveguide to provide said signal output. 

Preferably the waveguide comprises a fibre optic and inpreferred embodiments this is doped to increase the 
of - sensor. The output signal may comprise an electrical output s iB na, or data for a data file. 

,„ a related aspect the invention provides a waveguide-based sensing method for sensing an environmental 

cavity Lading a waveguide, the memod comprising: detem.ung an opti^P or 
lag-down time for the cavity to determine a cavity loss; and determining a change ,n said cavity loss from a 
ZXaidnng-upor ring-do^ time, said caangemlosshein^usedbyanefTectof a ^ems.id 
environmental variable on said waveguide, to sense said change in said environmental vanable. 

Use of a fibre optic (FO) cable facilitates the fabrication of inexpensive or even disposable sensing devices. 
ZU the fibre mav also be employed for evanescent wave sensing by modifying the fibre 
loving a portion of the FO surface and/or tapering the FO. By controlling the degree of modifica Wtaper 
evanescent Lid may also he controlled and hence adapted to a particular seasing function or appl,at,o, 


According to another aspect of the present invention there is provided fibre optic system cnarecte* iing^aratus 
for characterising a fibre optic system using optica, ring-dowr, the apparatus comprising: an opnea, cavity 


i 


CO 

an 
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, r . « v ^;f;«rr «iiH cavitv: a detector for monitoring 

1(lflEUro ble to include said fibre optic system; a Ught source fo «W sad c^y 

* optica! ring-down of said cavity-, and a signal processor coupled to sa,d detector 
a characteristic of said fibre optic system from said cavity optical ring-down. 

•~ „ «k« ootic cable provided with mirrors or a fibre optic coupled into a 
The Kb. optic system may compnse a fibre ophc cable pr 

measuring cavity, or may comprise, for example, a fibre sphce or ^ ™ in the 

ta rundown time but more preferably the characteristic compnses or . e^sed . ^ 

example where measuring dispersion using pulse shape, the nng down tune 
ina^tedaspectd—^ 

cavity using a light source; monitoring a nng-down of said cavity 
characteristic of said fibre optic system from said monitoring. 

• fihr. ontic cable- this may be a "naked" cable, for example just 
The fibre.optic system may compnse a fibre opt c cable th,s my such „ . bending 

manipulation/tapering. 

comprising: an optical cavity mcludmg a fibre opnc, light ^ ^ 

~ ^=^^-~— ------ 

characteristic. 

- ■ u » in nhmootic comprises a distortion of the fibre optic, such as a 
ln purred embodiments the phys.ca change fib« op* con* ^ ^ 

change in length and/or a change in a degree of bendmg of the fibre. H« - 

aevcLlessreadily detectable using the CKBS ^ ^ 

- ^in nr stress measuring Instrument or, in a similar way, as a rrucropuQi 
temperature, pressure, strain or stress measui m h 

xxiz - - i. - ■ — — *- - — « ■ ,n - w " 

ring-down time to sense said distortion, 

«F tYi* FO surface and/or tapering the FO. By conixomns & 


<< PCT/GB2005/050036 
1 ' WO 2005/088274 

The invention a.so provides an optical cavity such as a fibre optic, as described above. The «hd person win 
by the cavity sensing apparatus within wbich the TER. surface or interface is to operate. 

In the previous described sensing systems, and in those described below, polarisation maintaining fibre rosy 
advantageous. V be employed. This facilitates, for example measurement in the plane of the polanzahon an 

TZised cavity. This may provide, for example, a measure of a dichroic ratio, wbich may be M 
Z example in the determination of a molecular orientation such as which way up a moiecule . bound to the 
ZZ£ tempos, profiling as a— beiow couid allow the re-orientational dynamics to be observe, 

Timin g control 

Light pulse oscillations comprising a single said light pulse or a pair of pulses or a group or train of pulses may 
be employed, for example a prepared pulse sequence; a puise generator may be provrded for tins purpose. 

In each of the various sensor systems and methods described herein temporal profiling of a ^«£»~> 
he determined by monitoring the bounce-by-bounce pu,se profiles (although without necessary monrf nng 
every bounce - the monitoring may be punctuated for example to monitor every nth pulse). For example 
Coring a bounce-by-bounce change can provide a rate of change of the monitored process or svs tern o, a 
change time-profile, which may provide new information. Applications include, for example str m temporal 
profiling (eg. stress-load time profiles) and crack propagation profiling (eg. Informanon on the mte of 
mpagatiln of a cracs). Such tempora, profiling aUows the detection of even, onrapid — of on. 
anolnds as compared ^ for example, acoustic events on a scale of millisecond, — ^ - 
the rapid optical techniques employed the temporal bandwidth can extend up to >lMHz, 1 0^ or 1 GHz ™d, 
t emldimcnts can span a mnge of 3, 4, 5, 6, 7, 8 or 9 decades. Monitoring the propert.es of a fibre w.th the 
very low loss sensitivity of the ring-down technique particularly provides useful advantages. 

With a fibre optic cable the round-trip time between the pulses can be tuned by varying the length of the fibre 
ond it can become much simpler to measure the activity with the e-field region if the pulses are s^rrtetT by 
Umger time scales . For example a 1 m cavity has a round-trip time, tr. of 6 ns so the pukes are fauly close * on 
another. However this scales with length so that a 10 m cavity has a tr that is oO ns and a 100 m cavtty has a tr of 
600 ns. Cavities of such lengths, for example >1 0m, >50m or more, are possible within a fibre opuc 

With the various sensor systems and methods it is particularly useful, in embodiments, to employ a pump-probe 
approach. Thus in all the above aspects of the invention a system may be included for providing an opbcal pump 
pulse to excite me cavity followed by one or more interrogating pulses, optionally in a pattern, opfonally at a 
different wavelength from the probe pulse (or pulses). These probe pulses can he used to interrogate a 
photochemical process on the evanescent wave interface, for example in conjunction with . fc*»4 -g 
materia, on the surface to enhance detection of a target substance, as described in more deta.l ' 
co-pending PCT appiication no. XXX entitled Functioned Surface Sensing Apparatus And Methods, filed on 


PCT/GB2005/050036 

WO 2005/088274 

wiui respect iuu *^ «i„mii*v nf different probe pulse timings for a 

coram puap pute. H» MM pm°» wiU «ppr« Out »» flexibility m U. p mp p • 

^ZJZ - - - ^ ^ ^ - - 

potentially enliance target discrimination. 

toe interval in . pump-probe type experiment. The sequence pump4l-pn.be dday p * P 
variable at each p.ace in the cavity. In the (e-)CRDS variation the sample . located at one (or more) p 
t < taMn the cavity For example if this were the middle the pump-tl -probe _ de,ay-t2- pump-tl 

: — d at ./tr. As »e position U move, — *e cavity (e B by selecdng different 
Lperposinons) the timescales tl and 12 can be tuned for a specific photochemical process 

A Anther refinement is a pump XI and probe U configuration where XI and X* are different ™^ 
cou.d be in the blue so that it does not bounce in me cavity because the mirror, do not reflect m the bl m the 
p he P u,se at X2 is at a waveiength at «** tbe mirrors do reflect and can therefore can make mul*>le probes. 
Cvesapump-pmbe-^^ 

position of the e-field and hence sample within the cavity. A condition may be placed P 

He: tban die fc so .at the sarnie only sees substantially one pulse at a time , - - « — ^ 

say the top of one pulse and the toil of the preceding pu.se at the same time. Tins can facilitate the 

by limiting to one discrete wavelengur or a few discrete wavelengths. 

•j „ .„«n P crpnt.wave cavity-ring down sensing system, the system 

comprising, an van r rtt _ t - i cav ;tv at a second wavelength, 

. first wavetength; and an optical probe to provide a probe puise to said optical cav.ty 

PteferB « 

1 aXl pass of aid optica, cavity. In preferred embodiment me optica, cavity is formed by a pa, of 
hly Z surfaces such tbat ,igbt within said cavity makes a plurality of passes between sard surface, 

a fibre optic witb one or more tapers at a position or positions to se.ect thereto p „np- 
TZl An optica, pa* between the surfaces includes a reflection from one or more totally interna,* 
riT mt 1 - - ^tion from a TIR surface generating an evanescent wave to provide an attenuated 
reflecting (T1R) surfaces, optically excite said cavity at at 

TIR sensing function. Preferably the system further comprises a hghts Jo op y ^ 
least two different wavelenglhs; and a detector to monitor a ring-down characterise 


PCT/GB2005/05O036 

WO 2005/088274 

9 

- tttj cnrfWces ore provided with a functionalising matenal or 
«f tV,P Kvr, wavcleneths. Optionally the one or more TEk surfaces are proviac 

of the two wavelengths, p y hmcM ismg material and one or more targets to be sensed ts 

materials such that an interaction between a said runctiona using 

matenals sued descent wave at the probe wavelength. The invention also 

detectable as a change in absorption of a said evanescent wave y 

provides a tapered fibre optic for such a system. 
Farther featur e— advantages of prrfrrrpfl nrranffements 

Furth er features and advance, of so™ Mentations of the above described systems will now bedded, 
hie previously been set out in detail in the AppHcanfs co-pendi» 6 Internationa, patent apphc turn 
PCT/CB2004/000020, filed on 8 ,an ,004. tbe entire contents of which are hereby .corporate* by 

reference. 

• • •„ r rRDS or a conventional CRDS-based device may be improved by taking a succession of 
The sensmvity of an e-CRDS or a convenuonai measurements 

to™ „ b. switched on and ofTfte^rtten. pdt«d tort P"'» ■*»»« »«• ltae 

colled stable cavity is employed, typically comprising planar or concave nurrore. 

W a ta» previously described, in UKp.rem eppl**, no. 0302,74.8, bove ,h=.o may be «d 

1JL ovemome _ -m OK cviry and ononis «■ ,n» » «n ™~ - 

sminereu or o.«-uu j , .. tI <-. w i: c >, t SO urce oulput is preferably 

decav curve To facilitate accurate measurement of a ruig-down tune the CW l.gm sour 

man ,00m,, more prcfe-b,, ,ess _ mm. Wbcn driven with o CW hose, the 

longitudinal modes. 

An evanescent wave cavity-based optica, sensor may comprise: an optical cavity formed by a pair of highly 

TlteKveen the surfaces including a reflection from a totally internally reflecting (^ surface, he refl c on 

Cm toe TIR surface generating an evanescent v.ave to provide a sensing function; a bght source to mject l.ght 

^"llLctortodete. 

detectable using the detector to provide the sensing function. 
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In another arrangement a cavity ring-down sensor may comprise: a ring-down optical cavity for sensing a 
substance modifying a ring-down characteristic of the cavity; a light source for exciting the cavity; and a detector 
for monitoring the ring-down characteristic. The cavity may comprise a.fibre optic sensor including a fibre optic 
cable configured to provide access to an evanescent field of light guided within the cable for the sensing. 

In general the evanescent wave may either sense a substance directly or may mediate a sensing interaction 
dirough sensing a substance or a property of a material. The detector detects a change in light level in the cavity 
resulting from absorption of the evanescent wave, and whilst in practice this is almost always performed by 
measuring a ring-down characteristic of the cavity, in principle a ring-up characteristic of a cavity could 
additionally or alternatively be monitored. As the skilled person will appreciate die reflecting surfaces of the 
cavity are optical surfaces generally characterized by a change in reflective index, and may physically comprise 
internal or external surfaces. 

The number of passes light makes thr ough the cavity depends upon the Q of the cavity which, for most (but not 
all) applications, should be as high as possible. Although the cavity ring-down is responsive to absorption in die 
cavity this absorption may either be direct absorption by a sensed material or may be a consequence of some 
other physical effect, for example surface plasmon resonance (SPR) or measured property. 

We have also previously described, in UK patent application no. 0302174.8, how in a preferred embodiment the 
cavity comprises a fibre optic cable with reflective ends. In embodiments this provides a number of advantages 
including physical and optical robustness, physically small size, durability, ease of manufacture, and flexibility, 
enabling use of such a sensor in a wide range of non lab-based applications. 

To provide an evanescent-wave sensor a fibre optic cable may be modified to provide access to an evanescent 
field of light guided within the cable. The invention provides a fibre-optic sensor of tiiis sort, for example for 
use in evanescent wave cavity ring-down device of the general type described above. 

A fibre optic cable typically comprises a core configured to guide light down the fibre surrounded by an outer 
cladding of lower refractive index than the core. A sensing portion of the fibre optic cable may be configured 
have a reduced thickness cladding over part or all of the circumference of me fibre such that an evanescent wave 
from said guided light is accessible for sensing. By reducing the thickness of the cladding, in embodiments to 
expose the core, the evanescent wave can interact directly -with a sensed material or substance or attenuation of 
light within die cavity via absorption or the evanescent wave can be indirecdy modified, for example in an SPR- 
based sensor by modifying the interaction of a surface plasmon excited in overlying conductive material with the 
evanescent wave (a shift or modification of a plasmon resonance changing the absorption). 

One, or preferably both ends of the fibre optic cable may be provided with a highly reflecting surface such as a 
Bragg stack. The fibre optic cable tiius provides a stable cavity, d»at is guided light confined within the cable 
will retrace its padi many times. Preferably the fibre optic cable (and hence cavity) has a length of at least a 
length of 0.5m, and more preferably of at least 1.0m, to facilitate coupling of a continuous wave laser to the fibre 
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optic sensor, as described above. The sensor may be coVpled to a fibre optic extension and, optionally, may 
delude an optical fibre amplifier; such an amplifier may be incorporated within the cavity. 

The fibre optic cable is preferably a step index fibre, although a graded index fibre may also be used, and may 
comprise a sin g ,e mode or polarization-maintaining or high birefringence fibre. Preferably the «°-n 
Z the cable has a loss ofless than 1%, more preferably less than 0.5%, most preferably less than a**. s ti»t 
the cavity has a relatively high Q and consequently a high sensitivity. Where the sensor . to be used « a 
Z core of the fibre should have a greater refractive index than mat of ate liquid in which it is to be immerse m 
order to restrict losses from the cavity. The sensor may be attached to a V-coupling device to facthtate smgle- 
ended use, for example inside a human or animal body. 

The skilled person will understand that features and aspect, of the above described sensors and apparatus may be 
combined. 

In all the above aspects of the invention references to optica, components and to light includes components for 
and light of non-visible wavelengths such as infrared and other light. 

These and other aspects of the present invention will now be further described, by w*y of example only, with 
reference to the accompanying figures; 

Fig ures la - If show, respectively, an operating principle of a CRDS-type system, an operating principle of 
an e-C^-type system, a block diagram of a continuous wave e-CRDS system, and firs, second and third 
total internal reflection devices for a CW e-CRDS system; 

Figure 2 shows a flow diagram illustrating operation of the system of figure lc; 

Figures 3a-3c show, respectively, cavity oscillation modes for the system of figure lc, a fi^ spectrum of a 
d laser for use with the system of figure lc, and a second CW laser spectrum for use w«h the system of 
figure lc; 

Figures 4o - 4e show, respectively, a fibre opticbased e-CRDS system, a fibre optic cable for tine system of 
fiE l r e 4a, an illustration of the effect of polarization in a total interna, reflection device, a fibre ophc cavny- 
based sensor, and fibre optic cavity ring-down profiles; 


Figures 5a and 
device; 


5b show, respectively, a second fibre optic based e-CRDS device, and a variant of this 


i o vipw from above of a sensor portion of a 

Figures 6a and 6b show, respectively, a cross sectional view and a view from aoov 

fibre optic cavity; 
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Figures 7a and 7b show, rcspccliveiy, a procedure for forming the sensor portion of figure 6, and a detected 
light intensity-time graph associated with the procedure of figure 7a; 

Figure 8 shows an example of an application of an e-CRDS-h^d fibre optic sensor; 
Figure 9 shows syntliesis of a Nile Blue derivative; 

Figure 10 shows a schematic diagram of a chrompohore attached to a sensor surface to provide a pH sensor; 
Figure 11 shows an example of a ring-down trace for a fibre optic cavity; 
Figure 12 shows fibre optic bend losses in a 2m fibre cavity; 

Figure 13 shows a graph of cavity loss against taper waist for a tapered fibre optic cavity with crystal violet 
deposited on a totally internally reflecting evanescent wave surface oFthe fibre taper, 

Figures 14a and 14b show, respectively, a fibre optic cavity incorporating a taper, and an example taper 
profile; 

Figure 15 shows variation of cavity ring-down time t with cavity length for a fibre cavity; 

Figure 16 shows a wavelength division multiplexed fibre optic cavity sensor system; and 

Figure 17 shows transmittance of an optical cavity illustrating the cavity free spectral range and finesse. 

We win first describe details of some particular preferred examples of e-CRDS-based sensing apparatus and will 
then, With particular reference to Figures 9 onwards, describe techniques and improvements embodying aspects 
of the present invention. 

Referring now to figure 1c. this shosvs an example of an e-C^-based system 100, in which lightis injected 
into the cavity using a continuous wave (CW) laser 1 02. In the apparatus 1 00 of figure 1c cavt* 
comprises high reflectivity mirrors 108, 1 10 and includes a total interna, reflection device 1 12. Mirrors 108 and 
, 10 may be purchased from Layertec, Emst-Abbe-Weg 1, D-99441, Me.lingen, Germany. In practice the 
tunabflity of the system may be determined by the wavelength range over .vhich the mirrors provide- 
adequately high reflectivity. Light is provided to the cavity by laser 102 through the rear of mirror 108 via an 
acousto-optic (AO) modulator 104 to control die injection of light. In one embodiment the output of laser 102 is 
coupled into an optical fibre and then focused onto a AO modulator 104 with 100 micron spot, the output from 
AOM 104 then can be collected by a further fibre optic before being introduced into the cavity resonator. Th.s 
arrangement facilitates chop times of the order of 50ns, such fast chop times being desirable because of the 
relatively low finesse of the cavity resonator. 
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explained fiirther below, the bandwidth of laser (or other light source) 1 02 should he to -» «~ 
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conjuncrion with a RF generator such as the MD250 from the same company. 

The RF source 1 20 and, indirectly, the AO modulator 104, is controlled by a control computer 1 18 via an IEEE 
Tus m The ^ source 120 also provides a timin g pu.se output 124 to the control computer to m*ca e when 

pL should have a rise or fall time compare with or preferably faster than op.co, mjecuon shut tune. 

I , of a tunable U* source such as a dye laser has advantages for some applications but in other applications a 
T l abT^ Z Z2> such as a solid state diode laser may be employed, again in embodies operntmg 

plications, in such an enrbodiment RP source 120 is mplaced by a diode laser d,^ « °" 
dLly and AO modulator 104 may be dispensed with. An example of a suitable dtode laser » the PPMT 

frl Laser 2000 Ltd, UK, which includes a suitable driver, and a chop rate for the apparatus, and m 
particular for this laser, may be provided by a Techstar FG202 (2MHz) frequency generator. 

A sma.1 amount of light from the rhrg-down cavity escapes through the rear of mirror 1 10 and is monitored by a 
de ector 114 in a preferred embodiment comprises a photo -multiplier tube (PMT) in combmahon wUh a 
lb dri r opLnally followed by a fast amplifier. Suitable devices are the H7732 photosensor module 
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1 14 preferably has a rise time response ofless than 100ns more preferably less than 50ns, most preferably less 
torn 10ns. Detector 1 14 drives a fast analogue-to-digital converter 1 16 which digitizes die output signal from 
detector 1 14 and provides a digital output to die control computer 1 18; in one embodiment an A to D on board a 
LeCroy waverunner LT 262 350 MHz digital oscilloscope was employed. Control computer 1 18 may comprise 
a conventional general purpose computer such as a personal computer with an IEEE bus For communication witi, 
Ac scope or A/D 1 16 may comprise a card within this computer. Computer 118 also includes input/output 
circuitry for bus 122 and timing line 124 as well as, in a conventional manner, a processor, memory, non-volatile 
storage, and a screen and keyboard user interface. The non-volatile storage may comprise a hard or floppy disk 
or CD-ROM, or programmed memory such as ROM, storing program code as described below. The code may 
comprise configuration code for Lab View (Trade Mark), from National Instruments Corp, USA, or code written 
in a programming language such as C. 

Examples of total internal reflection devices which maybe employed for device 1 12 of figure 1c are shown in 
figures Id, le and If. Figure Id shows a fibre optic cable-based sensing device, as described in more detai3 
later. Figure le shows a first, Pellin Broca type prism, and figure If shows a second prism geometry. Prisms of 
a range of geometries, including Dove prisms, may be employed in the apparatus of figure 1 c, particularly where 
an anti-reflection coating has been applied to the prism. The prisms of figures leand If may be formed from, 
range of materials including, but not limited to glass, quartz, mica, calcium fluoride, fused silica, and boros.bcate 
glass such as BK7. 

Referring now to figure 2, this shows a flow diagram of one example of computer program code operating on 
control computer 1 1 8 to control the apparatus of figure 1 c. 

At step S200 control computer 1 1 8 sends a control signal to RF source 1 20 over bus 122 to control radio 
frequency source 120 to close AO shutter 104 to cut off die excitation of cavity 108 - 11 0. Then at step S202, 
the computer waits for a timing pulse on line 124 to accurately define the moment of cut-off, and once the 
timing pulse is received digitized light level readings from detector 1 14 are captured and stored in memory. 
Date may be captured at rates up to, for example, 1G samples per second (lsample/ns at either 8 or 16 bit 
resolution) preferably over a period of at least five decay lifetimes, for example, over a period of approximately 
5us. Computer 1 18 then controls RF generator to re-open tire shutter and the procedure loops back to step S200 
to repeat the measurement, thereby capturing a set of cavity ring-down decay curves in memory. 

When a continuous wave laser source is used to excite the cavity decay curves may be captured at a relatively 
high repetition rate. For example, in one embodiment decay curves were captured at a rate of approximately 
20kHz per curve, and in theory it should be possible to capture curves virtually back-to-back making 
measurements substantially continuously (with a small allowance for cavity ring-up time). Thus, for example, 
when capturing data over a period of approximately 5ps it should be possible to repeat measurements at a rate of 
approximately 20kHz. The data from the captured decay curves are then averaged at step S206, although in 
other embodiments other averaging techniques, such as a running average, may be employed. 


WO 2005/088274 PCT/GB2005/050036 

15 

At step S208 the procedure fits an exponential curve to the averaged captured data and uses this to determine a 
decay time t„ for the cavity in an initial condition, for example when no material to be sensed is present. Xhe 
decay time i„ is the time taken for the light intensity to fall to 1/e of its initial value (e = 2.7 1 8). Any 
conventional curve fitting method may be employed; one s traight - forward method is to take a natural logarithm 
of the light intensity data and then to employ a least squares straight line fit. Preferably data at me start and end 
of the decay curve is omitted when determining the decay time, to reduce inaccuracies arising from the finite 
switch-off time of the laser and from measurement noise. Thus for example data between 20 percent and 80 
percent of an initial maximum may be employed in the cur-ve fitting. Optionally a baseline correction to the 
captured light intensity may be applied prior to fitting the curve; this correction may be obtained from an an.tral 
calibration measurement. 

Following this initial decay time measurement computer 1 1 8 controls the apparatus to apply a sample (gas, 
liquid or solid) to the total internal reflection device 1 12 ^thin the ring-down cavity; alternatively the sample 
may be applied manually. The procedure then, at step S2L 2. effectively repeats steps S200 - S208 for cavity 
including the sample, capturing and averaging da.a foraplurality of ring-down curves and using this averaged 
data to determine a sample cavity ring-down decay time x, . Then, at step S214, the procedure detenmnes an 
absolute absorption value for the sample using the difference in decay times (t„ - t.) and, at step S216, the 
concentration of the sensed substance or species can be de termined. This is described further below. 

In an evanescent wave ring-down system such as that shown in figure 1c the total (absolute) absorbance can be 
determined from At = t,-t b using equation 2 below. 



(Equation 2) 


In equation 2 t r is the round trip time for the cavity, which can be determined from the speed of light and from 
the optical path length including the total internal reflection device. The molecular concentration can then be 
determined using equation 3; 


Absorbance = e C L (Equation 3) 


where s is the (molecular) extinction co-efficient for the sensed species, C is the concentration of the species ,n 
molecules per unit volume and L is the relevant path kmg*h, that is the penetration depth of the evanescent wave 
into the sensed medium, generally of the order of a wavelength. Since the evanescent wave decays away from 
the total internal reflection interface strictly speaking equation 3 should employ the Laplace transform of the 
concentration profile with distance from the TIR surface, although in practice physical interface effects may also 
come into play. A known molecular extinction co-efiicie^t may be employed or, alternatively, a value for an 
extinction co-efficient for equation 3 may be determined foy characterizing a material beforehand. 
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Referring next to figure 3a this shows a graph of frequencies (or equivalent!* wavenumber) on the borstal 
axis against transmission into a high Q cavity such as cavity 108, 110 of figure 1 c, on the vertical axis. 1 1 can be 
seen that, broadly speaking, light can only be coupled into the cavity at discrete, equally-spaced frequences 
corresponding to allowed longitudinal standing waves within the cavity known as longitudinal cavtty modes. 
The interval between these modes is known as tire free spectral range (FSR) of the cavity and is defined as 


equation 4 below. 


FSR = (//2cV 


{Equation 4) 


Where / is toe length of the cavity and C is the effective speed of light within the cavity, that is the speed of hght 
taking into account toe effects of a non-unity refractive index for materials within toe cavity. For a one-meter 
cavity, for example, toe free spectral range is approximately 150MHz. Lines 300 m figure 3a illustrate 
successive longitudinal cavity modes. Figure 3a also shows (not to scale) a set of additional, transverse cavity 
.nodes 302a, b associated with each longitudinal mode, although these decay rapidly away from toe longitudma! 
modes The transverse modes are much more closely spaced than toe longitudinal modes since they are 
determined by the much shorter transverse cavity dimensions. To couple continuous wave radiation into the 
cavity described by figure 3a toe light source with sufficient bandwidth to overlap at least too longitudinal cavrty 
modes may be employed. This is shown in figure 3b. 

Figure 3b shows figure 3a with an intensity (Watts per m J ) or equivalent^ power spectrum 304a, b for a 
continuous wave laser superimposed. It can be seen that provided the full width at half maximum 306 of toe 
laser output spans at least one FSR laser radiation should continuously fill the cavity, even if the peak of toe laser 
output moves, as shown by spectra 304a and b. In practice toe laser output may not have the regular shape 
illustrated in figure 3b and figure 3c illustrates, diagrammatically an example of toe spectra, output 308 of a dye 
laser which, broadly speaking, comprises a super imposition of a plurality of broad resonances at toe cavity 
modes of the laser. 

Referring again to figure 3b it can be seen that as the peak of toe laser output moves, although two modes are 
always excited these are not necessarily toe same two modes. It is desirable to continuously excite a cavrty 
mode, taking into account shifts in mode position caused by vibration and/or temperature changes and ,t » 
therefore preferable that the laser output overlaps more toan two modes, for example, five modes (as shown m 
figure 3c) or ten modes. In this way even if mode or laser frequency changes one mode at least is likely to be 
continuously excited. To cope *i«h large temperature variations a large bandwidth may be needed and for 
certain designs of instruments, for example, fibre optic-based instruments it is similarly desirable to use a CW 
,aser with a bandwidth of five, ten or more FSRs. For example a CW ring dye laser with a bandwidth of 5GHz 
has advantageously employed with a cavity length of approximately one meter and hence an FSR of 
approximately 150MHz. 
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sensing. 


dnft *i ml lar to that shown in figure 1 c, in which 
* BUre 4a show, a fibre optic-based ^ «P- « ~ * mim)re 10B , „ 0 , and total 

UUe elements are Seated by HI* ~ erence ^ f which ^ treated to render 

interna, reflection device 11 2 are replaced by fibre opftc cable 404. -m . 
them reflective to Form a fibre optic cavity. In addition comma** opnc 402^emp y 
Rbre optic cable 404 and collating optics 406 are employed to couple h jjbi from fibre op 


detector 414. 


- vi a™ «iWrh in a conventional manner comprises a central 
Fignre 4b shows further details of fibre optic cable 404. «™ ^ ^ 

core 406 surrounded by cladding 408 of lower refrachve mdex than the » . B . 
404 is. in the illustrated embodiment polished flat and provi ed ^^^^^o, 
W8 My reflective at the wavelength of interest. As the sUHed person wfll^e ^ 
^^rwave^ththiclclayers of materia, of ^^.^^ JL- ^ 

L of the fibre optic cable are first prepared by etching aWay the surface - 1 for 

Hat to within, for example, a tenth of a wavelength (this pohshmg enter* is a ~4 ^ 
high-preoisionopt.als.faces). Bragg stacUs may then * ; depos* ^ — £ 
service is offered by a range of companies including the above-menuonedl Layertec. G 
404 includes a sensor portion 405, as described further below. 

m- - - - ■ - - — ~ - d n:r:« — " 
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and the normal to surface 414). 

example, where laser 102 operates in the reg.on of 630nm so called 
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such as fibre from INO at 2470 Einstein Street, Sainle-Foy, Quebec, Canada. Broadly speaking suitable fibre 
optic cables are available over a wide range of wavelengths from less than 500nm to greater than 1 500nm. 
Preferably low loss fibre is employed. In one embodiment single anode fibre (F601A from INO) with a core 
diameter of 5.6pm (a cut-off at 540nm, numerical aperture of 0.1 1, and outside diameter of 12Sum)and a loss of 
7dB/km was employed at 633nm, giving a decay time of approximately 1 .5us with a one meter cavity and an end 
reflectivity of R=0.999. In general the decay time is given by equation 5 below where the symbols have their 
previous meanings./is the loss in the fibre (units of m" 1 i.e. percentage loss per metre) and / is the length of the 
fibre in metres. 


At 


t r / {2 ( 1 -R } (Equations) 


Figure 4d illustrates a simple example of an alternative configuration of the apparatus of figure 4a, in which fibre 
optic cavity 404 is incorporated between two additional lengths of fibre optic cable 416, 418, light being injected 
at one end of fibre optic cable 416 and recovered from fibre optic cable 418, which provides an input to detector 
114. Fibre optic cables 414, 416 and 418 may be joined in any conventional manner, for example using a 
standard FC/PC - type connector. 

Figure 4e shows two examples of cavity ring-down decay curves obtained with apparatus similar to that shown 
in figure 4a with a cavity of length approximately one meter and the above mentioned single mode fibre. Figure 
4e shows two sampling oscilloscope traces captured at 500 mega samples per second with a horizontal (time) 
grid division of 02ps and a vertical grid division of 50pV. Curve -450 represents a single measurement and 
curve 452 and average of nine decay curve measurements (in figure 4e the curve has been displaced vertically 
for clarity) the decay time for the averaged decay curve 452 was determined to be approximately 1 .7]is. The 
slight departure from an exponential shape (a slight kink in the curve) during the initial approximately 100ns is a 
consequence of coupling of radiation into the cladding of the fibre, which is rapidly attenuated by the fibre 

■ 

properties and losses to the surroundings. 

Referring now to figure 5a this shows a variant of the apparatus or figure 4a, again in which like elements are 
indicated by like reference numerals. In figure 5a a single-ended connection is made to fibre cavity 404 
although, as before, both ends of fibre 404 are provided with highly reflecting surfaces. Thus in figure 5a a 
conventional Y-type fibre optic coupler 502 is attached to one end of fibre cavity 404, in the illustrated example 
by an FC/PC screw connector 504. The Y connector 502 has one arm connected to collimating optics 402 and 
its second arm connecting to collimating optics 406. To allow laser light to be launched into fibre cavity 404 
and light escaping from fibre cavity 404 to be detected from a single end of the cavity. This facilitates use of a 
fibre cavity-based sensor (such as is described in more detail below) in many applications, in particular 
applications where access both ends of the fibre is difficult or undesirable. Such applications include intra- 
venous sensing within a human or animal body and sensing within an oil well bore hole. 

Figure 5b shows a variant in which fibre cavity 404 is coupled to ^'-connector 502 via an intermediate length of 
fibre optic cable 506 (which again may be coupled to cable 504 via a FC/PC connector). Figure 5b also 
illustrates the use of an optional optical fibre amplifier 508 such as an erbium-doped fibre amplifier. In the 
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illustrated example fibre amplifier 508 is acting as a relay amplifier to boost the output of collating optics 402 
after a long run through a fibre optic cable loop 510. (For clarity in figure 5b the pump laser for fibre amplifier 
508 is not shown). The skilled person will, appreciate that many other configurations are possible. For example 
provided that the fibre amplifier is relatively linear it may be inserted between Y coupler 502 and collimating 
optics 506 without great distortion of the decay curve. Generally speaking, however, it is preferable that detector 
1 14 is relatively physically close to the output arm of Y coupler 5 12, that is preferably no more than a few 
centimeters from the output of tills coupler to reduce losses where practically possible; alternatively a fibre 
amplifier may be incorporated within cavity 404. In further variants of the arrangement of figures multiple 
fibre optic sensors may be employed, for example by splitting the shuttered output of laser 102 and capturing 
data from a plurality of detectors, one for each sensor. Alternatively laser 102, shutter 104, and detector 1 14 
may be multiplexed between a plurality of sensors in a rotation. 

To utilize the fibre optic cavity 404 as a sensor of an e-CRDS based instrument access to an evanescent wave 
guided within the fibre is needed. Figures 6a and 6b show one way in which such access may be provided. 
Broadly speaking a portion of cladding is removed from a short length of the fibre to expose the core or more 
particularly to allow access to the evanescent wave of light guided in the core by, for example, a substance to be 
sensed. 

Figure 6a shows a longitudinal cross section through a sensor portion 405 of the fibre optic cable 404 and Figure 
6b shows a view from above of a part of the length of fibre optic cable 404 again showing sensor portion 405. 
As previously explained the fibre optic cable comprises an inner core 406, typically around 5pm in diameter for 
a single mode fibre, surrounded by a glass cladding 408 of lower refractive index around the core, the cable also 
generally being mechanically protected by a casing 409, for example comprising silicon rubber and optionally 
armour. The total cable diameter is typically around 1mm and the sensor portion may be of the order of 1cm in 
length. As can been seen from figure 6 at the sensor portion of the cable the cladding 408 is at least partially 
removed to expose the core and hence to permit access to the evanescent wave from guided light within the core. 
The thickness of the cladding is typically lOOum or more, but the cladding need not be entirely removed 
although preferably less than 1 0pm thickness cladding is left at the sensor portion of the cable. It will be 
appreciated that tiiere is no specific restriction on the length of the sensor portion although it should be short 
enough to ensure that losses are kept well under one percent. It will be recognized that, if desired, multiple 
sensor portions may be provided on a single cable. 

For a Dove prism the characteristic penetration depth, d p , of an evanescent wave, at which the wave amplitude 
falls to 1/e of its value at the interface is determined by: 


2tv{{ sin(,9 )) 2 - Hf, f 


where X is the wavelength of the, 0 is the angle of incidence at the interface with respect to the normal and «,j is 
the ratio of die refractive index of the material (at X) to the medium above the interface. A similar expression 
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the detected intensity falls to zero. 

Fi E ure 7b shows a graph of light intensity received by detector 704 against time, showing a rapid fall in received 

t loL index matching fluid and hence out of the tabic. With a chemical etching process a stnular 
Itd^y be employed to check when the evanescent wave is accessible, that is when the core ts b- emg 

Zfibre wL index matching fluid is applied at the sensor portion of the fibre. An example of a sunafcle 
enchant is hydrofluoric acid (HF). 

— — — * — «• - * ' - «» " * 4 ,! pH - us t rtr 

*•.*.«. «M* corresponding to on absorption band of Ure chromophore very small changes, rn tbis 
example pH, may be measured. 

The ab ove described h— ts may be used for gas. liquid and solid phase measurements rf 
particularly suitable for Kquid and solid phase materia., Instruments of the type descnbed ^ those W 

e^ 

example optical high reflectivity are mirrors available over the mnge 200am - *. and su.tableU^ sources 
incll TiLppldre lasers for the region 600nm - 1 000m. and, at the extremes of the frequency ^ 
synchrotron sources. Inst— of the type shown in figure 4a may also operate at any of a w.de range of 
wavelengths provided that suitable fibre optic cable is available. 

We will now describe some aspects of fibre cavity design and sensors based upon instruments/apparatus 
employing a fibre optic cavity. 

cementation of evanescent wave cavity ring-down spectroscopy (e-CRDS) in a rugged field in« is 
Jhtated by construction of the optical resonator within a fibre optic. This effectiveiy makes altgnrr^t 
somatic aid makes the cavity robust but highly flexible. The choice of fibre optic and wavelength of operatton 
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is controlled by the optical loss budget with the cavity to enable the e-CRDS ring-down technique to be 
implemented and, for functionalised surfaces, th^design of the absorption specific chemistry for the preparahon 
of these surfaces. The loss budget for the optical resonator determines the ultimate sensitivity of the technique 
together with the ability to determine the losses from each component in the fabrication of the cavtty. 

As a preliminary we outline techniques for the preparation of functionalised surfaces; these are described in 
more detail in the Applicant's co-pending UK patent application entitled Functionalised Surface Sensmg 
Apparatus and Methods, filed on the same day as this patent application, the contents of which are hereby 
incorporated by reference in their entirety. 

* 

Broadly speaking, and as described above, reflection from a totally internally reflecting (TIR) surface generates 
an evanescent wave to provide a sensing function, and the TIR surface is provided with a functionahsmg 
material over at least part of its surface such that the evanescent wave is modified by the functionaiising matenal 
so that an interaction between the functionalismg material and a target to be sensed is detectable as a change m 
absorption of the evanescent wave and hence a change in the ring-down characteristics (time) of the cavrty. The 
functionaiising material may, for example, be a host for a guest species or Hgand, and in preferred arrangements 
comprises a chmmopbore (to provide absorption at a wavelength of operation of the apparatus). The 
functionaiising material may be attached by means of a molecular tether or link; where the TIR surface 
comprises silica the tether may be attached by a Si-O-Si bond. 

Further understanding of the way in which a sensor surface may be functionalised may be gained by considering 
the example of a P H sensor based upon the Nile Blue chromophore (absorbing at 637nm). A tether can be 
attached to this, as shown in Figure 9, by refluxing with 3-aminopropyltriethoxysilane in methanol soluhon to 
form a silyl functionalised Nile Blue derivative as illustrated. Figure 10 shows a schematic diagram of the 
chrompohore attached to a sensor surface to provide a pH sensor. The tether has a triethoxysllane group that 
forms a Si-O-Si bond at the surface to bind the species to the surface. The etboxy group acts as a leaving group 
when the silicon undergoes nucleophilic attack by the surface silanol group. The OEt leaving group can be 
replaced with a chloro group producing a chlorosilane derivative with different tethering properties. The 
tethering process can be varied to provide 1 , 2 or 3 -OEt or -CI on the tethered molecule to estabhsh 1 ,2 or 3 
anchoring points to toe surface or the formation of a cross-linked surface polymer chain. The skilled person w,ll 
appreciate that using these general techniques many different fnnctionalisations may be applied to an evanescent 
W ave surface of a cavity ring-down sensor, either one funclionalisation per surface (in a multi-surface sensmg 
apparatus, as described further below) separately or in combination at a single sensing surface. 

We now describe fabrication details of some fibre optic cavities. 

Fibre optic was purchased from Oz Optics (Ontario, Canada) with a minimum absorption at 633 un specified at 
7dB torf'. The losses at 633 nm are dominated by the absorption losses of the silica in the fibre and a shift to 
longer wavelength can allow the operation of the cavity in a region of lower losses in the absorption spectrum of 
the silica. The minimum absorption occurs at 1.5 um, the telecom wavelength. The specification for the fibre is 
shown in Table 1 below. 
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Fibre specification INO 601A 

Losses / dB Ian' 1 

7 

Numerical Aperture 

0.11 

Core Diameter /una 

5.6 

Cladding Diameter /urn 

125 

Optimised Wavelength /nm 

635 

Cut off Wavelength /nm 

1 540 


Table 1 

The fibres were Seated in two batches, one supplied and prepared with mgh-refleotivity mirror co^ by 
Lo (institute Nationa, d'Optiaue - National Optic, Institute, Quebec, Canada), and one suppbed b y O* o P U 
1 igh-reflectivity mirror coatings provided by Research Electro Optics (REO), too, 

fibre 1 poiished flat as part of a standard INO preparation procedure and then conoectonsed with a s.n ard 
Lc paLchord connector. For *e REO batch the mirror coabngs were applied to the end of 

fibre with the PC/PC connectors in place. The fabrication process may coat the mirrors before or after 

libre \viui me rv^ plastic covering around the 

cotmectorisation. The batch from INO was supphed as patch-chords win a rugg p 

conncciu coanng, except the 

fibres (likely added after the mirrors were coated); the batch sent to Rtuna 

silicone covering, around 1 mm in diameter to minimise out-gassing during the coat, x* processes. 

Two mirror reflectivity custom coating runs were performed, by Oz Optics and by RBO. Oz -P*^"** 
LTecIvity of better than 0.99,5; REO specified 0.9999 or better reflectivities by th=ir standard processes. 
These mirror coatings reflectivities are manufacturer's estimates. 

Fftjre optic tapers were prepared under contract by Sifam Fibre Optics, Torcmay, De-n, UK, tapering the fibre 

o 2 dealing some of*, evanescent wave, as described above, a.lowing itto couple to molecuies m the 

opuc reveannb ^uniw fn \r+\ w h\ch has an absorbance at 633 nm - 

outside medium. This was measured with a solution of crysta, vol t (CV). wh, h h*s an 

CV^ placed on me surface of the taper absorbs the radiation from the evanescent field and tms .s 

the intensity of the radiation in the fibre, as shown in me graph of induced loss ogainst taper wa.t 

(conesponding to extension) shown in Figure 13. 

The fibre of Table 1 has a «W» index profi.e which ieads to increased iosses in the tiering process, and 

tapered fibre was then spliced into a cavity to provide an overall cavity iength of 4.Zm; more than one tapor 
I d be spliced into a cavity in a simflar way. The cavity length was chosen to be 
ring down time t (which has a iinear dependence on the round trip time). To reduoe the sphemg losses 
mirrors may be deposited onto a fibre with a desired index profile. 
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Cladding Diameter /urn 

124.72/ 125.51 

Coating D iameter / Jim 

248.77/248.9 

Attenuation at 630 nm /dB km 

7.09 

Cutoff /nm 

612.4/619.5 

Mean Fibre Diameter at 630 nm /urn 

4.28/ 4.62 


Table 2 


Observed ring down times, x. for a section of un-tapered fibre cavities (fabricated and coated by Oz Optus are 
given in Table 3 below; Figure,, shows a ring-dowtmce for cavity FC2. This was captured usrng a dxgttal 
Lloscope and avcaged 256 times at a repetition rate of 8 KHz and then input to a signal processor (personal 
computer) which fitted a sing.e exponent using astandard (non-linear) Levenberg-Marquardt procedure. 



Oz Optics Fibre and 
Mirrors ot/t = 3.54% 


Table 3 


The CRDS tech.ic.ue facilitates measurements of fibre optic propagation and fabrication ,osses. Measurement 
of the effect of bending on a fibre cavity are summarised in Tabie 4 and show in Figure 12. Convennonai y the 
bend radius of a fibre is the minimum radios at which the fibre should be bent to avoid significant propagauon 
losses; a typical radius is -2cm. 

An evolving T trace is show in Figure 12, with ring-down time t on the y-axis and time on the x-axi, After 40 
time points the fibre was bent in half, which resulted in a measured , of less than 50 ns. Bending the fibre wtth a 
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ua ■ « t of -0 73 us (a loss of 0.058 dB). Subsequent bends were formed by wrapping 
2mm bend radius resulted » a , of -0.73 us (a of ^ ^ 

to coated fibre around a 8mm diameter former, making up to 5 turns, 
stepwise increase in losses associated with each successive turn. 



Table 4 

evanescent field is revealed from the core and samples the regmn outs.de the taper 
tapered fibre cavity. 

by Sifirm, as mentioned above. The taper may then be sphce ~ ^ ~* "J^ tQ £ ^ shaped 
shown in Figure 1 4a. The observed losses for a taper prepared w.t ^Ofib 

active indexprofile of these fibres and instead a step " J.^^k. 
spliced into an INO fihre cavity. The tapered region may be supported tn a U 

_i „:4„^ ^rttr. n fibre that is appropriate for tapering, losses ui w«* f 

which the fibre has twice its minimum diameter). 

J. fbnedoo of ..per — .. * exp^n. were - ^ * 2 1 - 

*u. v.4™4i«n of CV to the (charged) silica surface. Tne resujis snow m 
at pH 8.6, chosen to maximise the binding of uv.ioine^ h > 

tolerable for tapers of diameter 25-30 um. 

The measured ring-down times and losses for each of four tapered fibre ™£ 

- - - - — r- rr*rr ™ — - • 

comprise INO fibre and mirrors spec.fied at R- 0.9995 bvj an 
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«~ • « \ ™w ACS mV whereas EV1 and EV2 have a signal intensity of 
photomultiplier (PMT. 50O termination) of the order 40 mV wnereas i. 


order 7 mV. 



Table 5 


We next consider fibre cavity losses. 


The losses in fibre optic are 
equation: 


measured in decibels (dB) per kilometre, with the dB defined by the following 


\ 


dB = 10 log 


in 


10 


(6) 


out J 


where P te and * m ore the input and output powers respectively. The ,osses in CKDS experiments are measured 
by the ring-down time, t, wife contributions from: 

I u = {R{v)T f L, exp(- a{v)l)Y' h 


(7) 


Where R(v) is the fluency dependent reflectivity of the mirrors, 7>is me transmission toss of the fibre and L, 
are ah od e losses to include scatter and diffraction effects. The absorption of any molecular spec.es w.Onn the 
Zl I assumed to follow Beers * b*, the length of the cavi* nnd . is One number of bounces 

Absorption within me evanescent field win also be by Beers law but with an effecnve penetration depth for me 
radiation, d 0 and a concentration profile. Equation 7 can be re-arranged to give: 


/ = exp 


(-2u (a(v>-lnJZ -In 7} - In £,))/, 


(8) 


Transforming to the time variable , = 2„//c, where o is the speed of light and / is the length of the cavity, the 
expression now shows the expected form for the exponential decay of radiation intensity wtihm the cav.ty: 


/( t )= exp {a{v)l-\nR -In J, - lnij 


I. 


(9) 


The ring down time of the cavity, i, is given by: 
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T = 



(10) 


vb ere , is the round trip time of*, cavity. Using the Tayior seHes approximation -ln(R) - (140 at R - 1. <* 
where t r is the rouno m P dominated by the nwror 

conventional equation for die losses of an empty free-space caviry 

reflectivities can be recovered: 


X — 


(ID 


2(1-*) 


where t t is the round-trip time and R is the mirror reflectivity, 
exponential decay with a ring down time given by: 


2^(1 _/?)+(! -7>)+(l~ Lt)) 


(12) 


*„. to. of to «v«y k (•» •» ■» ' ^ 


2x2 


x 1.4601 


r = 


(SxKT 1 )- 


1-10 


10* 


r = 


1.9533x10"° 
2((5xl0^ 4 )+6.426xlO-) 


(13) 


r - 1.410 /us 


^ -io^ + nn9«ius ffor FC1). Hence the fibre transmission losses 
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^Amnati\ This may be because fabrication of the high 

, J IS p.. Tie itaW » ». »■"» orfa> rtc<io n ta» (unto sp.ci8c.So. «**.. 

^ M - - — ~ „ upon ft... « U — - 

uncertainty in the loss parameter) - it should thereiore h 

uncertainty mu r ... 12 0/ Q f the specified limit, 

batch of cavities performs, without optimisation, to within 1 

1 - B Hmvn time for spiced cavities 4.2 m long was 300 ± 

0— . - — - — 7„T« J - - — — 

0.02 ns, which corresponds to a round-rnp loss of 7.72 
including the two splices and the taper is 0.9274. 

, . , Hnuid ( 1 snshovradropintheringdo^timeoffltecavityconsistent^ththe 
Measurementsxvithah.ghmdexl.qutdO.SDsho^a , m ^ taper and the splices are clearly si E nificant, 

splicing and taper losses are larger than predated. 

„ „„ — — — — - - ^ — — * °"* — " 


long cavities. 


, fibre oropagation losses dominate thecavity loss and 

EKtxapolating the loss analysis for non-tapered cavmes. the fibre P pg ^ 

potential for fibre optic cavity networks. 

. -,u ,1™™- The ring down time and hence the sensitivity of 
A fibre optic cavity maybe fabricated with a broadband muro, Then , ^ ^ 

fibre basede-C^i S de n ine = 

,osses in the fabrication of a s.ngle taper have ye q ^ Mjiror 

limitinB factor. This enab.es the reflectivity specf.ca.on to be - - ^ 
prod ncoon technics allow the — 
region of at least 500 - 1 000 nm. This enables rad.aoon of Afferent 
cavity, for example to interrogate different sensor regions. 

« «.,op «— * - . — r:;::;::: r ™rr: 

„„d «ta coup!- «- ~W «*»*«» =»" " WteyS " ""*"' " P 
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for parallel detection scenarios. For example switching of radiation of different colours, say red, green and blue, 
can be straightforwardly incorporated into a fibre network design, as shown schematically in the fibre sensor 
network 1600 of Figure 16. Referring to Figure 16, a fibre cavity 1602 includes one or more tapered regions to 
provide one or more evanescent wave sensing surfaces and hence a network of sensors. Light at a plurality of 
wavelengths, for example red, green and blue light from laser diodes or other sources, is coupled into the cav.ty 
by wdm light source 1604 and cavity ring-down is monitored by amplifier 1606, for example comprising a fibre 
amplifier, and console 1 606. Console 1 608 may comprise, for example, a wavelength division demultiplexer 
coupled to one or more PMTs (each) having a digitised output, these signals being provided to a computer 
programmed to determine cavity ring-down time at each of the wavelengths and hence to determine a (change 
to) cavity loss at the relevant wavelength (as described above) to provide a combined sensed signaVdata output 
orplurality of sensed signaVdata outputs. Console 1 608 may also provide centralised 
monitoring/command/controt of the sensor network. 

Molecules absorbing at different wavelengths can be used to construct smart or functionalised surfaces either for 
monitoring the change of the same species or of different target species with the same cavity. For example 
haemoglobin has absorptions at 425nm (due to Ure iron) and at 830nm (due to the prophyrin ring) and can be 
used to functional a surface to sense oxygen, CO, and/or NO. In embodiments parallel detection of the same 
target using different function arising molecules (absorbing at different wavelengths) allows measurements to be 
compared/combined, for example for increased confidence in detection or for a confidence limit assessment to 
be made. In one application a multiplexed fibre optic network of sensors working at different detection 
wavelengths is deployed in a public place or around (within) a building, vessel, or other structure. For example 
such a multiplexed sensor network may be used to monimr carbon dioxide level(s) in the air of a submarme. 

We now consider the operation of free-running cavities, as described above, in more detail. As previously 
mentioned a free-running cavity structure allows a broad bandwidth cw laser to overlap with many cavity modes 
so that radiation will always enter tire cavity. The observed ring down profile is then a convolution of the nng 
down of several modes each in principle with the own, slightly different x. Each t will depend on how fiat the 
mirror reflectivity curve is over the bandwidth of the laser and whether there are any frequency dependent losses 
(e g diffraction losses) that are significantly different over tire bandwidth of the laser. The free-running cav.ty 
allows the laser to be chopped at, For example, 10 kHz, which may be averaged to improve the noise statistics. 
With a stable cavity, the ring-down time shows a deviation error, Ax/t < 1%, which determines the ultimate 
ahsorbance sensitivity of the fibre cavity technique. 

The absorbance by a species in the cavity is related to the cavity length (the round-trip time) and the minimum 
detectable change in x, the ring down time given by the formula: 


AT t r 
Abs = — - — 
r 2r 0 


(14) 


WO 2005/088274 PCT/GB2005/05OO36 

29 

Work to date suggest that estimates oFAt/x are not generally better than 1% and the detection sensitivity is thus 
given by the round-trip time and x of the empty cavity, t 0 . The minimum detectable absorbance for the fibre 
cavity, lm long, is 4.3 x 10" 5 : this provides a two-fold improvement in sensitivity compared with a bench top 
Dove cavity with a minimum detectable absorbance limit of 7.4 * 10" 5 . The calculation for the fibre cavity 
assumes the observed ring^iown rime of 1.23 ps but this may be improved upon by optimising the fabrication. 

We now consider cavity modes: The longitudinal modes of a cavity are dependent on the Length of the cavity 
with the separation between the modes known as the free spectral range (FSR), as illustrated in Figure 1 7. For a 
2m fibre cavity the FSR (n=1.4601): 

nc 


» * 2/ 


_ 1.4601 x2.99xl0 8 m 1Q9MHz 
4 


(15) 


For a cavity 100m long the separation FSR becomes 2.1 lcfe. The power intensity within a free-running cavity 
depends on the overlap of the input radiation with the cavity modes. The free-running cavity overlaps at least 
nvo modes, one FSR, and so light will always couple into the cavity. The output profile of a laser, is generally 
rather broad, of order 5 nm, and so generally only a fraction this will couple to the cavity. 

Coupling light into the cavity depends both on the number of longitudinal modes overlapped by the input light 
source and the width of the modrs. The full width half max (FWHM) of each mode is controlled by the cav.ty 
finesse as defined below. 

Considering now cavity finesse and Q-factor, the width of the modes in Figure 17 is controlled by the finesse of 
the fibre cavity is given by: 

r? _ K ^ (16) 

F ~ (i-R) 

For a 0.9995 cavity dominated by the mirror losses, the finesse of the cavity is 3 140. If/? is replaced by the 
general round trip loss for die fibre cavity, (0.9921) then the finesse of the fibre cavity is 396. 

The Q-factor may be defined by equation 17 below, which for the fibre cavity takes the value 395.7 - in close 
agreement with the calculated cavity finesse. 


(17) 
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, • rr sse — FSR/FWHM, the calculated FWHM for the modes in the fibre cavity is 275 kHz, 
From the re.at.on Fmesse - g ^ Ughr ^ into which light over a 

and thus in a long cavity modes overlap to effectively prov.o 
continuous range of wavelengths can be coupled. 

poll.d; thi, m.y b. osod » opUm.sc ft* nn B d™> «» «■* « P P — 

« «*- »y ta » — - ~i r ^:r rf „ »» 

we te _ 0— > — " - ^^21^1* fbr she sensors has 

too, MUUad, with cpavlljr •» » 10 * """*• 

Uappea^tinson—^^ 

^perirnents described above. For example mcreas^ *. *» -on ^ ^ ^ 

,onger has the potential to reduce propagation losses w.th,n a fibre. Ught ^ 

. * ^r,^ fMpcommunications industry and tne nore um»i* 

op elating a. ~ — * ^^1^^^!-^- " * — - — 
M ».toBtbtho cavity p.r.ooo«r,=h.n S « and lhopowa.«« 

C— — otto ™»o» d.^ ™ ' _ ^ „ 

voodoo M a, =20 . - b. -* * — — *» " " " - - 74 skjfcd pOTm ^ 

Q o „ H.rso. » O0 - »** -a 1- • «— * L**. loss (of order 8 dB 

^og^o ft.. Bbr. opdo o-CRDS wi.l «* wUte .», H~ opbo of .oloroblo do 


km* 1 ). 
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be designed to allow the much lower transmission losses of silica at this wavelength to be 


There are many other vibrations in the mid infrared which can be used, such as 1150 nm for the first overtone of 
the -CH 3 group in molecules and the 1400 nm -CH 2 combination band, which has been used me octane number 
of gasoline and which is of relevance to the petrochemical industry. The near IR and mid IR regmns of the 
S pectmm have potential for monitoring the properties of a collection of C.N.O.H species, for example for 
applications in industries such as the food and drink industry. Also, an e-CRDS sensitivity of order 10 ppm 
absorbance offers potential for lower detection levels and tighter tolerances in the specificate of avumon fuel. 

The above described fibre optic-based or more generally waveguide-based CRDS systems may be employed to 
provide a range of sensor systems. Broadly spealcing such sensor systems fall into two classes, 
based on losses in a fibre or a change in fibre properties in response to the surrounding environment, and 
extrinsic sensors (e-CRDS) where something is added to me surface of the fibre that will interact wtth a target or 
demonstrate an interaction with changing properties. 

in genera,, in such a sensor system an output from a ring-down detector such as a PMT responsive to a light 
level within me cavity is digitised and provided to a signal processor such as a general purpose -put- system, 
jammed in accordance with tire above equations to determine a cavity ring-down Ume and henc a c 
loss This information may be output directly (either as an output signa, from the computer or as data wntten to 
a file or provided by a network connection) or further processing may be applied to determine a sensor s.gna, 
representing, for example, a change in a sensed parameter such as a level of a target species present 

Depending upon the sensor configuration a wide range of information is available with this technique For 
- ■ example, one or more intrinsic properties of a fibre used to form the cavity may be determined or. where a 
• \ 0 Z fa fibre included within the cavity is bent, changes in the cavity loss at the head due to ,a changemsay 
pressure, may be very sensitively monitored. In other arrangements the losses in the fibre may be — 
Lerna, variable such as temperature or electric or magnetic field; in such arrangements * . often preferab e m« 
the fibre is doped to increase the desired sensing response. Where the light level detectmg arrangement ■ able to 
resolve one or a group of individual light pulses bouncing to and fro within the cavity (for example usmg the 
Hammatsu H7732 photosensor module and fast oscilloscope mentioned above) then time-resolved sensmg rs 
possible with a very fine time granularity, for example better man 100„s or better than 10ns for a short cavtty. 
Thus applications for the above described CRDS techniques include (but are not limited to) sensors to measure 
stress, strain, temperature, pressure, to act as hydrophone arrays, magnto-optic sensors, electro-opUc sensor* 
flow sensors and displacement sensors. In addition to this a "smart" or nationalised sensor surface may be 
employed to provide chemical/biological sensors benefiting from the above described CRDS techmques. 


We now further describe sensing using pulse train measurements. 


I„ experiments with a free space cavity ring down using a pulsed laser, the decay of tire intensity can be observed 
bounce-by-bounce. With the current losses in the 2m cavities, a light pulse makes approximately 1 90 round tnps 
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greater certainty regarding the timescale. 

, ■ ■ ■ rw nnrtc or other waveguided sensors, where the chemical 
We next descrihe some exam pl es of mtnnsrc tl determined. In these sensors the 

sensing Cement compose* the ^ ^ ^ ^ ^ comprise, for example, rare- 

incorporated within the glass making up the bulk of 
earth metals such as Erbium or Ytterbium. 

we _ ^ .0 — of. — -~ «- — 1: rr— ir 

temperature but increases at 8&0 run. 1 ne ruu 

u in measure temperauire in the range 0-800 L.. 

and with great accuracy, can be used to measure iemp 

. field sensor or magnetometer. Magneto-optic materials change 

wo _ arecHbo ,0 o— o = . — • ^ 

birefringence can also be induced m some systems) ana relatively small 

^ can be detected by (e-)CRBS and with great sensitivity m a very -*^^L> can be 

Verdet constant (describing the degree of rotation) but a patamag reQuired Faraday effect 


measurements. 
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We next describe sensors for loss measurements for the fibre optic industry. 

The fibre optics industry reports the losses of fibres in the units of dB km" 1 , as in equation 6. For a fibre of 
length 1 km it is desirable to be able to measure the transmission loss to an accuracy of 0.0044 dB km , a 1% 
determination in the transmitted power. As demonstrated above, using CRDS with the calculations shown, for 2 
mlength of fibre a loss of 0.00005 dB km" 1 is observable, an improvement of two orders of magmtude. 
Preferably the mirrors are fabricated on the length of cable to be characterised. 

It is also possible to determine fibre manipulation losses. In particular the above loss calculation, for the 
example of a 2m cavity, makes it possible to measure other losses in the fibre following specific manipulate., 
For a single splice in a fibre cavity it is potentially possible to measure loss with an accuracy of 0.00005 dB. 
Similar measurements are possible for bend losses to determine file bend radius of a fibre and taper losses. 

In experiments with a free space cavity ring down using a pulsed laser, the decay of the intensity can be observed 
bounce-by-bounce. With the current losses in the 2m cavities, a light pulse makes approximately 190 round tr.ps 
i„ the cavity during a 3r-time period. This enables dispersion measurements to be made on the shape of tire 
pulse and hence the accurate measurement of dispersion in the fibre- For fast pulses the pulse sbape may be 
determined by means of a streak camera (available, for example, from Hamamatsu), which allows the nse and 
fall times of the leading and trailing edges of the pulse to be determined as well as a level between the leadmg 
and trailing edges. 

We finally describe some examples of fibre sensors based on the use of micro-bending detection, as suggested 
by Figure 12. 

A series of bends can be placed in a fibre, which depend on the environment of the fibre, Thus for example 
changing the temperature of the fibre causes it to increase its length and hence change the bending losses at the 
micro-bends, thus providing a temperature sensor. 

A pressure measuring sensor may be implemented by menus of a series of bends placed around a plate on which 
a fibre is mounted. These allow pressure to be sensed, for example to implement a microphone. The output from 
such a sensor may be used directly if the pressure modulations (frequency) ate low, such as in the blood or m a 
pressure vessel. Depending upon the frequency of operation, in a sound sensor or hydrophone the sound wave 
response may be deconvolved from that of the cavity as the human audible range is around 20 Hz -20 kHz and at 
the high end this is close to the ring-down time. The cavity should be excited at twice the maximum detection 
frequency to satisfy the Nyquist criterion. Embodiments of aspects of the invention provide a signal processor to 
extract a sound wave (or more generally vibration) sensor response from a cavity or other detector resonant 
response. 

A similar CRDS fibre cavity may be used to implement a strain sensor. Thus a change in length of a fibre 
associated with a stress or a strain can be translated to a micro-bend either via a former or by placing part of the 
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. f of the stressed object. Broadly speaking the ability to sense/measure stress changes 
fibre directly on the surface of the stressed ocy 
is United only by the detection stability of the MODS techmaue. 

• „ will occur to die skilled person and it will be understood that the invention is 
Ko d oubt many ^"Z^ZZnto^ nations apparent to those sldlled in the art 
not limited to the descnbed embodiments but enco P 

found within the spirit and scope of the appended claims. 

comprising: 

an optical cavity including a waveguide; 

a light soume for exciting the optical cavity; and 

- down characteristic of the cavity, and 

wavemiide to provide said signal output. 

wavegmo P j said wavegu ide comprises a fibre optic. 

e A «< «*l»«d to 1. 2 ~ 3 — ■«« —» » ~* cha , reBlM „ of 

* , m rf«ta»r»nr is configured tx> monitor nng-oown cnanw?i«» 

two different wavelengths, wherem said detector is configur ^ ^ ^ 

cavity at said two different wavelengths, ana wherein said signal processor « c g 

^ ^onsive to said ring-down characteristics at said two different — ^ ^ 
7 . A sensor as defined in clause 6 when dependent upon clause ^lengths are selected 

in said temperature. v^m*»ntal variable using an optical cavity 

8 . Awaveguide-basedsensingmethodforsensinganenv.ronmentalvanableus 

including a waveguide, the method comprising: _ ^ ^ 

determining an optical ring-up or ring-down tune for the cavi* 

determining a cbange in said cavitv loss - leguide. to sense said 

in loss being called by an effect of a change in ».d env.ronmental 
change in said environmental variable. 

9 . A method as defined in clause 8 wlierein said wavegu.de is doped. 
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temperature, magnetic field, and electric field. 

Still further asoccts of the invention are defined in the following clauses: 

Still further aspects ^^terisinE a fibre optic system using optical nng- 

1. Fibre optic system characterising apparatus For characterising a tmre p y 

down, the apparatus comprising: 

an optical cavity configurable to include said fibre optic system; 

a light source for exciting said cavity, 

a detector for monitoring an optical ring-down of said cavity; and 

a signal processor coupled to said detector and configured to detente a characteristic of sa.d fibre 
optic system from said cavity optical ring-down. 

2 Fibre optic system characterising apparatus as defined in clause 1 wherem said fibre opuc system 

comprises a fibre optic cable. _ _ ^ ^ rf sai(J ^ 

3 Fibre optic system characterising apparatus as defined in clause 2 wherem a 
ootic cable is provided with a mirror coaling to form at least one end of said optical cavity. 

I Fibre optic system characterising apparatus as defined in clause 3 wherein both ends of said fibre optic 

cable are provided with a mirror coating to fonnsaid optica, cavity^ ^ 
5. Fibre optic system characterising apparatus as defined in any one of clauses 
optic system characteristic comprises a transmission loss 

6 Fibre optic system characterising apparatus os defined in any one of clauses 

optic system characteristic comprises a measure of dispersion in the fibre optic system. 

T "m optic system characterising apparatus as defined in any preceding clause wherem sam signal 

Ling .sections to con*o, tiie processor to input light level values £ - ctec.r — - 

down time for said cavity including said fibre optic system from said light level values, 

fibre optic system characteristic using said ring-down time. 

g A carrier carrying the processor control instructions of clause 7. 

9. A method of characterising a fibre optic system using optical ring-down, the method comprising, 
forming an optical cavity including said fibre optic system; 
exciting said optical cavity using a light source; 
monitoring a ring-down of said cavity following said excitation; and 
determining a characteristic of said fibre optic system from said momtonng. 
A method as defined in clause 9 wherein said fibre optic system comprises a fibre optic cab.e. 
A method as defined in clause 10 wherein said characteristic comprises a transmission los, 
, 2 A method as defined in clause 1 1 wherein said characterising comprises character,^ a fibre 
Lpulal: loss, and wherein said optica, cavity forming includes performing a manipuiation on said fibre 

'a method as defined in Cause 1 1 wherein said manipulation comprises bending said fibre optic cable. 


10. 

11, 


optic cable. 
13. 
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U A method as defined in Cause 1 1 wherein said manipulation comprises tapering said fibre opt. cable. 
\ 5 . A method as defined in clause 9 or 10 whereinsaid characteristic comprises a measure of <hspers.cn m 
said fibre optic system. 

Still further aspects of the invention are defined in the following clauses: 

1. A fibre optic sensor, the sensor comprising: 
an optical cavity including a fibre optic; 

a light source for exciting the optical cavity; and 

a detector for monitoring a ring-down characteristic of the cavity; and 

wherein said fibre optic is configured such that a change in a sensed variable causes a phys,ca, change 
in said fibre optic configuration modifying said ring-down characterise. 

2 . A fibre optic sensor as defined in clause 1 wherein said fibre optic configurahon includes one or more 

T^' A fibre optic sensor as defined in clause 1 or 2 wherein said fibre optic is mounted on a support to sense 
pressure.^ ^ ^ ^ ^ ^ ^ i ^ ^ ^ ^ ^ ^ fibre oprfc configuralion 

IT A fibre optic sensor as denned in clause 4 or 5 wherein said fibre optic sensor is configured as a stress 

° 7 ; Strain Coptic sensor as defined in clause 4 or 5 where in said fiore optic sensor is configured to sense 

r"T«~ optic sensor as defined in any preceding clause fhrther comprising a signal processor coupled to 
L JL and configured to provide a sensed variable output by determining a ring-down nme of „. 
I A method of sensing using distortion of a fibre optic, the fibre optic compnsmg at least part of an 

optical cavity, the method comprising: 

determining an optical ring-up or ring-down time of said cavity; 
distorting said fibre optic with a sensed variable; and 

determining a change in said ring-up or ring-down time to sense said distortion. 
10 A method as defined in clause 9 wherein said fibre optic is bent 

1 ,'. A method as defined in clause 9 or 10 whereinsaid distorting includes changing a length of sa.d fibre 
T A method as defined in clause 9, 10 or 1 1 wherein said sensed variable comprises one or more of 

configured to excite the caviry at two different wavelengths, tire detector being configured to momtor nng-down 
characteristics of the cavity simu.taneous.y at said two different wavelengths, for improved performance In 
Ldunents the apparatus maybe configured to provide a differential signal. A signal processor may n^o b 
Pitied, configured to provide a signal output responsive to *e ring-down charaorerist.es at the two Afferent 
wavelengths. 
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CLAIMS: 

1 An evanescent wave cavity-based optical sensor, the sensor comprising: 

an optical cavity formed by a pair of highly reflective surfaces such that light within said cavity makes a 
plurality of passes between said surfaces, an optical path between said surfaces including a reflection from a 
totally internally reflecting (TIR) surface, said reflection from said TIR surface generating an evanescent wave to 

provide a sensing function; 

a light source to inject a pulse of light into said cavity, 

a detector to detect decaying oscillations of said light pulse within said cavity; and 
a signal processor coupled to said detector and configured to provide a time-resolved output responsive 
to a light level within said cavity and having a time-resolution corresponding to a set of said light pulse 
oscillations, whereby said sensing function operates at substantially said time-resolution. 

2. An optical sensor as claimed in claim 1 wherein said set of light pulse oscillations comprises a single 
said light pulse or a pair of said pulses. 

.. • • ■ • ' 



3. An optical sensor as claimed in claim 1 or 2 wherein said TIR surface is provided with a functionalising 
material over at least part of said TIR surface such that said evanescent wave interacts with said material; 

whereby an interaction between said functionalising material and a target to be sensed is detectable as a 
change in absorption of said evanescent wave. 

4. An optical sensor as claimed in claim 1 or 2 wherein said TIR surface is provided with an electrically 
conducting material over at least part of said TIR surface such that said evanescent wave excites a surface 

plasmon within said material; 

whereby a change in absorption of said evanescent wave due to a change in said surface plasmon 

excitation is detectable using said detector to provide said sensing function. 

5. An optical sensor as claimed in any preceding claim wherein said optical cavity comprises a fibre optic 
sensor configured to provide an evanescent field from light guided within tire fibre. 

6. An optical sensor as claimed in any preceding claim wherein said time-resolution is substantially 
determined by a length of said optical cavity. 

7. A method of performing time-resolved sensing using an optical cavity including a sensing surface, a 
sensing interaction at said sensing surface modifying an optical ring-down characteristic of said cavity, the 

method comprising: 

injecting a pulse of light into said cavity; and 

monitoring an optical ring-down of said pulse within said cavity to monitor said sensing interaction; and 
wherein said monitoring is performed substantially on a pulse-by-pulse basis such that said sensing is 
time-resolved at a resolution of at least an integral number of round trip times of said cavity. 
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3. A method as claimed in claim 7 wherein said integral number of round trip t.mes .s one. 

9 . A method as claimed in claim 7 or 8 further comprising selecting said time resolution by selecting a 

length of said cavity. 

, o An evanescent-wave cavity-based optical sensor system, the system comprising: 

an optical cavity formed by a pair of highly reflective surfaces such mat light within said cavity makes a 
plurality of passes between said surfaces, an optical path between said surfaces including a reflection from one 
or more totally internally reflecting (TIR) surfaces, a said reflection from a TIR surface generating an evanescent 
wave to provide an attenuated TIR sensing function; 

a light source to optically excite said cavity at at least two different wavelengths; and 
a detector to monitor a ring-down characteristic of said cavity at each of said two wavelengths; and 
wherein said one or more TIR surfaces are provided with at least two functionalising matenals one 
responsive at each of said wavelengths such that an interaction between a said functionalising material and one 
or more targets to be sensed is detectable as a change in absorption of a said evanescent wave at a sa.d 

■ • 

wavelength. 

11. A sensor system as claimed in claim 10 wherein said two functioning materials comprise different 
materials selected to detect a common said target 

1 2 A sensor system as claimed in claim 1 1 further comprising a signal processor coupled to said detector 
and configured to provide an output signal indicative of said target from a combination of said nag-down 
characteristic at said two wavelengths. 


1 3 . A sensor system as 
functionalising materials. 


claimed in claim 1 1 or 12 wherein a said TIR surface is provided with both said 


14 A sensor system as claimed in claim 1 1 or 12 wherein said optical cavity includes at least two said TIR 
surfaces, and wherein a first of said TIR surfaces is provided with a first of said functionalising matenals and a 
second of said TIR surfaces is provided with a second of said functionalising matenals. 

15. A sensor system as claimed in any one of claims 10 to 14 where* said optical cavity includes a fibre 
optic configured to provide said one or more TIR surfaces. 

16. A sensor system as claimed in any one of claims 10 to 15 wherein said cavity has a length of at least 5 
metres, 10 metres, or 50 metres. 

17. A method of wavelength division multiplexing sensors of an evanescent wave cavity ring-down sensor 
system, the method comprising: 
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18. 


A wa veguide-based c B v it y ring-down sensor for sensing an environmental variable, the sensor 


21. 


comprising: 

an optical cavity including a waveguide; 

a light source for exciting the optical cavity; and 

adetectorformonitoringaring-dovvnchamct^dcofthecavity^and vetoa 
waveguide to provide said signal output. 

environmental variable. 

„ . • m -«,Mrnnmental variable comprises one or more 
A sensor as claimed in claim 1 8, 1 9 or 20 wherem sa.d environmental va 

of temperature, magnetic field strength, and electric field strength. 

« A sensor as claimed in Cairn 2 1 wherein said waveguide is doped with a paramagnetic material, and 
wherein said environmental variable comprises magnetic field strength. 

r , • i u h\ 79 wherein said light source is configured to excite said 

23. A sensor as claimed in any one of claims 18 * 22 ^ ^ 
cavity at two different wavelengths simultaneously, wherem sard con » ^ 
characteristics of said cavity at said two different s d ^different wavelengths, 
to provide said signal output responsive to said rmg-down charactenst.es 

, • ,6 in claim -3 when dependent upon claim 20 wherein said waveguide is doped with 

24. A sensor as claimed in claim -3 wuen a p v wavelengths are selected 

in said temperature. 

25. A waveguide-hased sensing method for sensing an environmental variable using an optical cavity 

including a waveguide, die mediod comprising: ^ 
determining an optical ring-up or nng-down t.me for the cav.ty 


22. 
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determining a change in said cavity loss from a change in said ring-up or ring-down time, sard change 
in loss being caused by an effect of a change in said environmental variable on said waveguide, to sense said 
change in said environmental variable. 

26. A method as claimed in claim 25 wherein said waveguide is doped. 

27 A method as claimed in claim 25 or 26 further comprising determining said ring-up or ring-down time 
at two wavelengths, and determining said change in cavity loss at said two wavelengths to determine a change m 
said environmental variable. 

2B. A method as claimed in claim 25, 26 or 27 wherein said environmental variable comprises one or more 
of temperature, magnetic field, and electric field. 

29. Fibre optic system characterising apparatus for characterising a Fibre optic system using optical ring- 
down, the apparatus comprising: 

an optical cavity configurable to include said fibre optic system; 
a light source for exciting said cavity; 

a detector for monitoring an optical ring-down of said cavity; and 

a signal processor coupled to said detector and configured to determine a characteristic of said fibre 
optic system from said cavity optical ring-down. 

30. Fibre optic system characterising apparatus as claimed in claim 29 wherein said fibre optic system 
comprises a fibre optic cable. 

. 31 . Fibre optic system characterising apparatus as claimed in claim 30. wherein at least one end of said fibre 
optic cable is provided with a minor coating to form at least one end of said optical cavity. 

32. Fibre optic system characterising apparatus as claimed in claim 31 wherein both ends of said fibre optic 
cable are provided with a mirror coating to form said optical cavity. 

33. Fibre optic system characterising apparatus as claimed in any one of claims 29 to 32 wherein said fibre 
optic system characteristic comprises a transmission loss. 

34. Fibre optic system characterising apparatus as claimed in any one of claims 29 to 33 wherein said fibre 
optic system characteristic comprises a measure of dispersion in the fibre optic system. 

35 Fibre optic system characterising apparatus as claimed in any one of claims 29 to 34 wherein said signal 
processor comprises a computer system including a processor and program memory, the program memory 
storing instructions to control the processor to input light level values from said detector, to determme a nng- 
down time for said cavity including said fibre optic system from said light level values, and to determine sa.d 
fibre optic system characteristic using said ring-down time. 
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36. A carrier carrying the processor control instructions of claim 35. 


37. 


A method of characterising a fibre optic system using optical ring-down, the method comprising: 
forming an optical cavity including said fibre oplic system; 
exciting said optical cavity using a light source; 
monitoring a ring-down of said cavity following said excitation; and 
determining a characteristic of said fibre optic system from said monitoring. 

38. A method as claimed in claim 32 wher&in said fibre optic system comprises a fibre optic cable. 

. 39, A method as claimed in claim 38 wherein said characteristic comprises a transmission loss. 

40. A method as claimed in claim 39 where in said characterising comprises characterising a fibTe 
manipulation loss, and wherein said optical cavity forming includes performing a manipulation on said fibre 
optic cable, • 

41. A method as chimed in claim 1 1 wherein said manipulation comprises bending or tapering said fibre 
optic cable. 

42. A method as claimed in claim 9 or 10 wherein said characteristic comprises a measure of dispersion in 
said fibre optic system. 

43. A method as claimed in any one of claims 37 to 42 wherein said monitoring comprises monitoring at a 
plurality of wavelengths simultaneously. 

44. A fibre optic sensor, the sensor comprising: 
an optical cavity including a fibre optic; 

a light source for exciting the optical cavity; and 

a detector for monitoring a ring-down characteristic of the cavity; and 

wherein said fibre optic is configured such that a change in a sensed variable causes a physical change 
in said fibre optic configuration modifying said ring-down characteristic. 

45. A fibre optic sensor as claimed in claim 44 wherein said fibre optic configuration includes one or more 
bends. 

46. A fibre optic sensor as claimed in data 44 or 45 wherein said fibre optic is mounted on a pressure- 
responsive support structure to sense pressure, 

47. A fibre optic sensor as claimed in claim 44 or 45 wherein said physical change in fibre optic 
configuration comprises a change in length of said fibre optic. 
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48. A fibre optic sensor as claimed in claim 47 wherein said change in length causes a distortion of said 
fibre optic. 

49. A fibre optic sensor as claimed in claim 47 or 48 wherein said fibre optic sensor is configured to se nse 
one or more of stress, strain and temperature. 

50 A fibre optic sensor as claimed in any one of claims 44 to 49 further comprising a signal processor 
coupled to said detector and configured to provide a sensed variable output by determining a ring-down hme of 
said cavity. 

51. A fibre optic sensor as claimed in claim 50 configured to provide said sensed variable output responsive 
to signals sensed simultaneously at a plurality of wavelengths. 

52. A method of sensing using distortion of a fibre optic, the fibre optic comprising at least part of an 

optical cavity, the method comprising: 

determining an optical ring-up or ring-down time of said cavity; 
distorting said fibre optic with a sensed variable; and 

determining a change in said ring-up or ring-down time to sense said distortion. 

53. A method as claimed in claim 52 wherein said fibre optic is bent 

54. A method as claimed in claim 52 or 53 wherein said distorting includes changing a length of said fibre 
optic. 

55. A method as claimed in claim 52, 53 or S4 wherein said sensed variable comprises one or more of 
temperature, pressure, stress and strain. 

55 . An evanescent-wave cavity-ring down sensing system, the system comprising: 
an evanescent-wave optical cavity; 

an optical pump to provide a pump pulse to said optical cavity at a first wavelength; and 
an optical probe to provide a probe pulse to said optical cavity at a second wavelength. 

5G. A sensing system as claimed in claim 55 comprising at least one pulsed illumination source to provide 
said pump and probe pulses. 

57. A sensing system as claimed in claim 56 wherein at least one of said pump pulse and said probe pixlse 
shorter than an optical round trip time of said cavity. 

58. A sensing system as claimed in claim 55, 56 or 57 wherein a loss of said optical cavity at said first 
wavelength is soch that said pump pulse makes substantially only a single pass of said optical cavity. 
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